KirBac channels are prokaryotic homologs of mammalian inwardly rectifying (Kir) potassium channels, and recent crystal structures of both Kir and KirBac channels have provided major insight into their unique structural architecture. However, all of the available structures are closed at the helix bundle crossing, and therefore the structural mechanisms that control opening of their primary activation gate remain unknown. In this study, we engineered the inner pore-lining helix (TM2) of KirBac3.1 to trap the bundle crossing in an apparently open conformation and determined the crystal structure of this mutant channel to 3.05 Å resolution. Contrary to previous speculation, this new structure suggests a mechanistic model in which rotational 'twist' of the cytoplasmic domain is coupled to opening of the bundle-crossing gate through a network of inter-and intrasubunit interactions that involve the TM2 C-linker, slide helix, G-loop and the CD loop.
a r t i c l e s Inwardly rectifying potassium (Kir) channels regulate membrane electrical excitability and K + transport in a wide range of cell types. Their activity controls many diverse processes such as heart rate, vascular tone, insulin secretion and salt and fluid balance, and an increasing number of disease states are now known to be directly associated with abnormal Kir channel function 1 . Like many other types of ion channels, the activity of Kir channels is controlled by dynamic conformational changes that regulate the flow of K + ions through the central pore of the channel 1, 2 . This process is known as 'gating' , and understanding the molecular mechanism of these dynamic changes in Kir channel structure is critical to our understanding of how these channels function in both health and disease.
The primary gating mechanism in most classes of K + channel is thought to involve an iris-like motion of the pore-lining inner transmembrane helices that constrict the permeation pathway at the helix bundle crossing 3 . In voltage-gated K + channels, this gating motion is physically coupled to the movement of a transmembrane voltage sensor, whereas in Kir channels, conformational changes within the large cytoplasmic domains (CTD) are thought to control movement of the bundle-crossing gate [3] [4] [5] [6] . This provides a mechanism for the action of ligands such as G-proteins, ATP, H + and PIP 2 , which all bind to these intracellular domains to regulate Kir channel function 1, 2 . Other structural domains, such as the selectivity filter and the cytoplasmic G-loop, have also been proposed to act as physical gates in Kir channels [7] [8] [9] [10] . However, their role is secondary to that of the bundle-crossing gate, which is regarded as the primary activation gate in all major classes of K + channels and which must always be in an open conformation for the channel to be conductive.
Full understanding of these gating processes requires high-resolution structural information of a Kir channel trapped in multiple gating conformations, and over the last few years, several different Kir channel structures have been solved by X-ray crystallography; these include a eukaryotic Kir channel 11 , a number of homologous prokaryotic KirBac channels 4 and the chimeras between them 12 , and a series of structures of KirBac3.1 with the CTD in multiple orientations 13 . However, in all of these Kir and KirBac channel structures, the bundle-crossing gate is closed, and despite their enormous value, they therefore provide limited insight into the structural changes that must occur to allow these channels to open. This apparent preference for the bundle-crossing gate to crystallize in the closed state strongly suggests that it must represent a low-energy state of the channel and that new strategies are therefore required to stabilize the open state of the channel.
In this study we now report the X-ray crystal structure of an openstate KirBac channel at 3.05 Å resolution. This structure not only illustrates how the bundle crossing opens but, more importantly, suggests how opening of the primary activation gate may be physically coupled to conformational changes in the CTD.
RESULTS

Overall structure of a mutant KirBac3.1 channel
We previously isolated a number of mutations in KirBac3.1 that directly increase channel activity 14 . Many of these mutations a r t i c l e s introduced charged amino acids into TM2, suggesting that the steric or charge repulsion between these side chains may assist channel opening at the bundle crossing. We therefore reasoned that such mutants might have the ability to stabilize the open state of the channel. One such gating mutant is S129R, which is located very close to the bundle crossing, and in most other Kir or KirBac channels, this residue is a glycine 15, 16 .
We previously expressed and purified this mutant channel and showed that it is functionally active 14 . In the present study, we therefore crystallized this mutant and grew crystals belonging to the P42 1 2 space group, which were diffracted up to 3.05 Å resolution. The structure was solved by molecular replacement, and a final model containing 280 out of 301 residues of the construct was refined to an R-factor of 22.0% and an R free of 25.9%, with 99.6% of the residues in the final model lying in the most favorable and additionally allowed regions of the Ramachandran plot. The full data collection and refinement statistics are shown in Table 1 . Visualization of this structure and comparison to KirBac3.1 in the closed state revealed major structural changes in the transmembrane helices and also at the bundle crossing ( Fig. 1a,b ).
KirBac3.1 trapped in an apparently open conformation
In all of the previous KirBac3.1 structures, the bundle-crossing gates are fully closed 13 . This is defined by a tight constriction of the pore at Tyr132 in TM2, which occludes the conductive pathway and acts as the gate at this position 2, 4, 17 . However, in the structure presented here, the S129R mutation has trapped the bundle crossing in an apparently open conformation ( Fig. 1) . In the closed-state structures of KirBac3.1, the Cα-Cα distances at Tyr132 range from 12.2 Å to 13.5 Å (ref. 13) , whereas in the S129R mutant, this distance is increased to 17.1 Å (Fig. 1b) . The engineered mutant Arg129 side chains in TM2 create an additional constriction within the pore ( Supplementary  Fig. 1 ). However, because Arg129 is a serine in wild-type KirBac3.1 and a glycine in all other Kir or KirBac channels 18, 19 , we therefore analyzed the pore radius of this new structure with a serine at position 129. This reveals that the bundle-crossing gate would be open and conductive when the channel is in this conformation and that there is free access to the selectivity filter from the intracellular side of the channel (Fig. 1c,d) . The S129R mutation therefore appears to have stabilized the TM helices and the bundle-crossing gate in a conformation that mimics the wild-type channel in an open state.
Bending of TM2 at the glycine hinge
The global rearrangements propagating from these changes at the bundle crossing are in agreement with earlier modeling studies of TM2 motions in KirBac3. 1 (ref. 20) as well as the gating motions Figure 1 Structure of the KirBac3.1 S129R mutant in an apparently open conformation. (a) Overall structure of S129R mutant with one subunit highlighted in red for clarity. Ions within the selectivity filter are shown in green, and residue Tyr132, which forms the primary gate at the bundle crossing, is shown as CPK spheres in all four subunits. (b) Bottom-up view of the bundle-crossing gate in an example of a closed-state KirBac3.1 (PDB 2WLJ) 13 and the S129R mutant channel. Tyr132 side chains are shown as CPK spheres. (c) Pore-radius profile of a closed-state KirBac3.1 (PDB 2WLJ) (closed, blue) and the S129R mutant, in which the Arg129 side chain has been replaced by a serine (open, red). [21] [22] [23] . Compared to the closed state, the lower part of TM2 bends by up to 20° at a highly conserved glycine hinge residue 18, 19 (Gly120 in KirBac3.1), whereas the upper part remains relatively rigid. However, in addition to this bending or kinking of TM2, we also observe a rotation or twisting of the lower section of TM2 along its helical axis by approximately 25° (Fig. 2a,b) , and there is good overlay of the TM2 helices of KirBac3.1 S129R with the open 17-Å crystal structure of KcsA ( Supplementary Fig. 2 ) 21, 22 . No twisting is observed in the outer helix (TM1) during opening of the bundle crossing; however, TM1 is displaced outward and follows the movement of TM2 (see Supplementary Movie 1).
Rotation of TM2 opens a secondary gate within the pore
This rotational movement of TM2 is important, because in addition to the bundle-crossing gate (Tyr132), a secondary constriction exists at Leu124 in the closed-state structures ( Fig. 1c) 13, 17 . Rotation of TM2 induced by opening of the bundle crossing means that Leu124 is now twisted away from the central cavity, thus increasing the effective pore diameter at this position from less than 2 Å to >8 Å ( Fig. 2c) . Poisson-Boltzmann electrostatic calculations reveal a marked reduction in the energetic barrier to K + permeation at this point ( Supplementary  Fig. 3 ), producing an electrostatic profile that becomes progressively more favorable for the movement of K + toward the selectivity filter in this open conformation. Movement of this side chain upon channel opening is also particularly noteworthy, because Leu124 in KirBac3.1 is equivalent to the TM2 rectification control site in eukaryotic Kir channels (for example, Asp172 in Kir2.1) 24 .
A twisted yet conductive conformation of KirBac3. 1 In a recently reported series of KirBac3.1 structures 13 , the CTD shows considerable rotational diversity with respect to the pore, that is, the twist and non-twist conformations. Comparison of these structures to the S129R structure shows that it is rotated and in a twist configuration ( Fig. 3a) . It was also suggested that the twist or non-twist status of the different closed-state structures correlates with the conductive status of the selectivity filter, with only the non-twist conformations being conductive 13 . However, despite being in the twist conformation, analysis of the ion occupancy in the S129R structure shows that all four K + binding sites (S1-S4) are occupied ( Fig. 3b) , which is clearly representative of a conductive filter conformation 21, 22, 25, 26 . This new conformation is therefore in direct contrast to the gating model recently proposed 13 .
The C-linker couples pore opening to movement of the CTD A common mechanistic theme in other major classes of tetrameric cation channels is that allosteric changes in domains attached to the TM helices are mechanically coupled to opening and closing of the bundle crossing gate 3 . A rotational movement or twist of the CTD could therefore conceivably promote opening of the bundle-crossing gate 4, 13 . However, this would require tight physical coupling of the TM helices to the CTD. Therefore, in this new structure, it is noteworthy that the C-linker between TM2 and the CTD is displaced relative to its position in the non-twist conformation (Fig. 4a) . This causes the C-linker to become involved in a network of interactions that links the bundle-crossing gate with the slide helix as well as with the two Figure 2 Bending of the inner TM2 helices during channel opening. (a) Conformational changes of the inner helices from the closed state (blue cylinders) to the conformation (red cylinders) seen in the S129R mutant. The lower section of TM2 kinks by up to 20° at the conserved glycine hinge (Gly120) and also rotates around its helical axis by 25° when viewed from below. (b) The clockwise rotation of TM2 is shown viewed from below. Overlay of TM2 helices from the S129R structure (red) and a closed-state Kir3.1 (blue, PDB 2WLJ). Tyr132 is shown as a transparent CPK sphere. (c) Opening of the inner cavity constriction formed by Leu124. Top and side views are shown on the S129R structure and a closed state KirBac3.1 (PDB 2WLJ). The position of ions within the filter of the S129R structure is shown in green. The rotation of TM2 moves Leu124 away from the pore. Leu124 is equivalent to the rectification control site in the TM2 of eukaryotic Kir channels. npg a r t i c l e s loops within the CTD (the CD loop and the G-loop) that have been implicated in the control of channel gating 7, 12, 27, 28 . These interactions would stabilize the interface between the twisted CTD and the TM pore domain (TMD) in the open state (Fig. 4b) .
One of the residues in this network is the highly conserved Arg137 within the C-linker itself, which provides a direct interaction between the C-linker and the G-loop of the adjacent subunit. A similar interaction is observed in some of the closed-state structures 13 , but local rearrangements caused by opening of the bundle crossing now displace the C-linker, allowing Arg137 to form an additional intrasubunit contact with a backbone carbonyl of Leu42 on the slide helix (Fig. 4a) .
This network is further expanded by interaction of the C-linker with a highly conserved arginine on the CD loop of the CTD (Arg167), thereby providing an additional connection to the slide helix of the adjacent subunit (Fig. 4b) . This connection can only occur in the twist conformations, because when it is compared to the non-twist structures (Fig. 4b) , there is a downward movement of the slide helix, bringing Asp36 into direct contact with both the ηand ε-nitrogens of Arg167 on the CD loop of the adjacent subunit. This also brings His39 into contact with Glu169 ( Fig. 4b and Supplementary Fig. 4) . Movement of the slide helix and its interaction with the CD loop is seen in other twisted structures 13 , but in this new conformation, this extended network is now directly coupled to the opening of the bundle-crossing gate.
Other previously unknown interactions also form upon opening of the bundle-crossing gate. Notably, the highly conserved Tyr38 in the slide helix now interacts with Gln252 in the G-loop (Fig. 4b) , and disruption of this interaction (with mutation Y38F) reduces the functional activity of KirBac3.1, consistent with its possible role in stabilization of the open state (Supplementary Fig. 5 ). Also notably, unlike the Asp36-Arg167 interaction, which takes place on the outer surface of the slide helix, the Tyr38-Gln252 interaction occurs on the inner side of the slide helix and results in a direct intersubunit linkage between the slide helix of one subunit and both the CD-and G-loops of the adjacent subunit.
DISCUSSION
In this study we present the first high-resolution structure of a KirBac channel with the bundle-crossing gate in an open conformation.
This new structure provides a substantial extension to the conformational landscape available for this class of dynamic proteins; it demonstrates that TM2 bends at a conserved glycine hinge and that rotation of TM2 also contributes to opening of a secondary gate within the pore. Furthermore, opening of the bundle-crossing gate involves a network of interactions between the TMD and CTD that illustrate how rotational movement of the CTD may be coupled to channel gating.
It has been suggested that the selectivity filter has an important role in Kir or KirBac channel gating, and indeed, several of our recent studies, including X-ray footprinting of KirBac3.1 as well as the identification of gating mutations, directly support this notion 14, 29 . However, the filter can only act as a gate if and when the bundle crossing is open, and until now high-resolution structural information about how the primary activation gate opens has been unavailable. Engineering the bundle-crossing gate of KirBac3.1 into a conformation that mimics the open state has therefore allowed us, for the first time, to visualize a potential mechanism of channel opening.
The major structural changes that occur in TM2 as the bundlecrossing gate opens are consistent with those seen in other open state K + channels, and a similar rotation of TM2 has recently been observed in the open-state structure of full-length KcsA 23 . Importantly, this rotation of TM2 also opens a secondary gate within the inner cavity of KirBac3.1 at Leu124. Although Leu124 will not act as a gate independently of the bundle crossing, it may have an important role in sealing the pore in the closed state, as it is located just below the cavity ion binding site (Fig. 2c) . Notably, movement of Leu124 was also detected by our previous X-ray footprinting study of KirBac3.1 (ref. 29) , and a similar rotation of the equivalent residue in KcsA (Phe103) has recently been observed 23 . However, of perhaps greater importance is the fact that Leu124 is equivalent to the rectification control site in TM2 of eukaryotic Kir channels (for example, Asp172 in Kir2.1 (ref. 24) ), where the presence of a negatively charged side chain influences the binding of Mg 2+ and polyamines and thereby influences the degree of inward rectification. Rotational movement of this side chain during channel opening (Fig. 2) Figure 4 Interaction network between the CTD and the TMD. (a) The C-linker in the twist S129R structure (red) is displaced by up to 5 Å compared to the closed non-twist structure (PDB 2WLJ, transparent blue). During twisting and opening, Arg137 shifts its interaction with backbone carbonyls on the G-loop of the adjacent subunit (G-loop+1) to include an intrasubunit interaction with the slide helix. The major motions are indicated by arrows.
(b) Comparison of the network of interactions formed in the S129R twist open conformation with those in a closed non-twist conformation (PDB 2WLJ). Movement of the slide helix and displacement of the C-linker allow an extensive network of inter-and intrasubunit interactions to form (see also Supplementary Movie 2) .
(c) Cartoon of gating model proposed by the motions observed in the S129R structure. The twist conformation of the CTD prepares the C-linker and also brings the slide helix into register with the CD loop (dot shown on CTD), thereby coupling rotational movement of the CTD to opening of the bundle-crossing gate.
npg a r t i c l e s (up to 32 Å) have been observed with truncated versions of KcsA 21, 22 . However, the presence of the C-terminal domain in KcsA appears to restrict these openings to about 21 Å (ref. 23) , and so the large KirBac CTD is also likely to impose structural constraints on the size of the maximal opening that can occur. Nevertheless, the S129R mutant is functionally active, therefore a wider dilation must be possible to overcome the artificial constriction formed by the mutant Arg129 side chains (Supplementary Fig. 1) . Notably, introduction of a negative charge at position 129 also activates KirBac3.1 ( Supplementary  Fig. 5) , and similarly charged mutations at the bundle crossing have been shown to activate both KirBac and Kir channels 14, 30 , suggesting that wider openings must be possible in these mutant channels. It has previously been suggested that the rotational status of the CTD is directly linked to the conductive state of the selectivity filter and that this does not require movement of the bundle-crossing gate. In particular, it was proposed that the twist configuration induces a nonconductive selectivity filter 13 . However, the new structure we present here is in the twist configuration, yet it is both conductive within the filter and open at the bundle crossing, thus directly contradicting the gating model proposed previously 13 . At this stage, it is not yet known whether any functional form of C-type inactivation occurs within the selectivity filter of KirBac3.1, but it is likely that any allosteric coupling between the TM helices and the selectivity filter will require a movement of the bundle-crossing gate similar to that seen in the elegant crystallographic studies of KcsA [21] [22] [23] 31 .
Instead, this new conformation suggests a model in which rotational movement of the CTD may be directly coupled to channel opening at the bundle-crossing gate, and that the twist configuration is a prerequisite for this to occur. Similarly, although it has been proposed that the G-loop acts as an independent gate 7, 12 , and it is clearly an important regulator of Kir or KirBac channel activity 8 , its primary role may be to couple conformational changes in the CTD to the C-linker and thereby to opening of the bundle-crossing gate.
Importantly, this mechanism also provides a rationale for the action of a number of compounds that are likely to influence these interactions-for example, cholesterol with the CD loop 28 and PIP 2 with the C-linker and CTD 32, 33 . In particular, we find it interesting that in eukaryotic Kir channels, which are activated by PIP 2 , the C-linker contains an insertion of three additional charged residues ( Supplementary Fig. 6 ) thought to interact with PIP 2 and that would clearly influence this gating mechanism when they are present 34 . In support of this idea, a structure of chicken Kir2.2 has very recently been solved with PIP 2 bound, and although this structure is also closed at the bundle crossing, it appears to represent a 'pre-open' state where PIP 2 interacts directly with the C-linker to create tension in this region in preparation for opening of the bundle crossing 35 . Given the fundamentally conserved structural basis of K + channel gating at the bundle crossing, it is perhaps not unexpected that the C-linker appears to have such an important role in Kir or KirBac channel gating and is consistent with similar roles for this linker region in the gating of other tetrameric cation channels [36] [37] [38] [39] .
In conclusion, the gating model suggested by this new conformation is markedly different from that proposed previously 13 . Instead of being an obstacle to channel opening, we propose that the twist configuration is required in order for the bundle-crossing gate to open, by allowing a network of interactions to form between the TMD and CTD, and we present a simplified cartoon model summarizing how this is done ( Fig. 4c and Supplementary Movie 2) . Clearly, further work will be required to determine the causality of the changes we observed in the structure of the bundle-crossing gate and the network of newly discovered interactions that this produces. Similarly, the question of whether the bundle crossing opens wider than the 17-Å opening seen here will also be the subject of future studies. Nevertheless, this new open-state structure of KirBac3.1 now provides an important extension to the available conformational landscape for this important class of ion channels.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Accession codes. The atomic coordinates of the KirBac3.1 S129R structure have been deposited in the Protein Data Bank under the accession code 3ZRS.
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ONLINE METHODS
Protein expression and crystallization. The S129R mutant was introduced using site-directed mutagenesis into a synthetic KirBac3.1 in pET30a, where the open reading frame had been codon-optimized for expression in Escherichia coli. The protocol for expression and purification of this mutant channel was identical to that previously described for wild-type KirBac3.1 (ref. 29) , and following gel filtration, the triDM detergent was exchanged into 14 mM HEGA-10 using Vivaspin concentrators with a 100-kDa cutoff. Protein crystals were then grown using the sitting-drop method in 10% (v/v) glycerol, 90 mM HEPES 7.2, 20% (v/v) PEG 400, 5% (w/v) PEG 4000 and 2.5% (w/v) PEG 8000, using ~6 mg ml −1 protein concentration in a 1:1 protein:reservoir ratio. Crystals appeared after 3-4 d at 20 °C and were cryocooled under liquid nitrogen before analysis.
Data collection and structure determination. The KirBac3.1 S129R crystals belong to the P42 1 2 space group, with cell dimensions of a = b = 106.2 Å and c = 89.8 Å. The asymmetric unit has a solvent content of 69.4% and contains one molecule. Data were collected at 100 K using a Pilatus 6M detector at the I-24 beamline at the Diamond Light Source, at a wavelength of λ = 0.9778 Å to a resolution of up to 3.05 Å. Data set statistics are provided in Table 1 . Data were processed with Mosflm and Scala (CCP4 program) 40 and the space group confirmed with Pointless 41 . Five percent of the reflections were set aside in the free R set. Molecular replacement was carried out with Phaser (CCP4 suite) 42 , using a search model derived from PDB 2X6C, processed with Chainsaw (CCP4) 40 . The model was refined in real space interactively using Coot 43 and refined using BUSTER-TNT 44 , which included a final round of translation, libration and screw-rotation (TLS) anisotropic refinement, as implemented in BUSTER-TNT. The final model contains 280 residues out of 301 (residues 12-26, 33-277 and 281-300, inclusive); in addition, connectivity between residues 26 and 32 can be established at a lower sigma threshold, but they were not included in the final model, as it was not possible to build and refine residues in this region at full occupancy with certainty. The model also contains 20 solvent molecules and seven ions. Ions are positioned on the four-fold axis and are therefore modeled with occupancies of less than 25%. The final model was validated using MolProbity 45 and presented very good stereochemistry, with over 99.6% of all residues in favored and additionally allowed regions of the Ramachandran plot.
Structure analysis. The superimpositions of the individual domains were done using LSQKAB (CCP4-supported program) and analyzed in Coot 43 . The ribbon diagrams and actual videos were made with PyMOL (http://www.pymol.org/). Cavity analysis was carried out using HOLE 46 , and cylinder representations and cavity visualizations were done with VMD 47 . The contribution to the electrostatic potential of a potassium ion along the pore axis of the channel was calculated using the Adaptive Poisson-Boltzmann Solver (APBS) package 48 , with a methodology similar to the one previously applied to nanopores 49 . The potassium ion pathway and axis were defined using the program HOLE, which was also used to calculate pore radii. Charges and radii were assigned using PDB2PQR 50 , which was also used to add missing atoms of unresolved side chains before calculating electrostatic energies. Energies were calculated using a NaCl bath with an ionic strength of 0.2 M at 298 K. The protein (dielectric constant ε = 10) was embedded into a dielectric slab (ε = 2), mimicking the membrane environment, with membrane thickness set to 45 Å. The pore itself was excluded from the membrane and assigned a solvent dielectric (ε = 80). Supplementary movies were animated using PyMOL. Starting structures were aligned along the transmembrane domain of 2WLJ (residues Trp46-Gly120) before interpolation. Intermediate structures were calculated using GROMACS4 (ref. 51 ). The consensus secondary structure was modeled after the secondary structure of 3ZRS. Missing extracellular loops in 2X6C and the missing βL-M loop in 3ZRS were built using MODELLER 9.9 (ref. 52).
